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Abstract 
Heat exchangers are an essential component of any energy production system. Obtaining a detailed characterization of them is a 
must for the design and operation of an energy plant. This article presents a characterization process of a finned tube heat 
exchanger with an unusual configuration. Throughout the article, the proceedings to study the influence of two unusual features 
that make unsuitable the use of reference models for heat exchangers are explained. One is the inclination of the tubes in the 
direction transverse to the flow velocity, which causes variable spacing between finned tubes. The other feature that prevents the 
application of the reference models is the importance of bypass flow, not negligible due to the small distance between walls 
compared with the width of the flow path near to the walls. A computational fluid dynamics (CFD) steady-state analysis has been 
completed in order to study this problem. The results show that although the inclination of the tubes does not affect considerably 
the overall performance of the exchanger, the influence of bypass flow close to the wall causes a significant reduction in pressure 
drop and a substantially lower heat transfer capacity than calculated with analytical models. This study was conducted within the 
Seventh Framework Programmes FP7, for the HYSOL project. HYSOL plant has been proposed as an alternative to deliver 
dispatchable and firm energy regardless the climate conditions throughout the whole year while it uses 100% renewable energy 
sources for electricity production through is innovative hybrid system. 
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1. Introduction 
The production of energy from renewable resources has always presented an important handicap in the lack of 
firmness of the energy provided and in the need for backup power production (hydropower energy or fossil-fueled 
power) that would ensure the stability of the network. The hybridization of a Concentrated Solar Power (CSP) plant 
with a gas turbine fueled by biogas, both coupled to a thermal energy storage system, aims to present a solution to 
this problem. The HTF (Heat Transfer Fluid) that offers best characteristics to fulfill this task are the molten salts, 
although they have associated problems that define certain restrictions on the subsystems involved in the power 
generation system. The solid state of the molten salts at ambient temperature forces the user to have a Heat Recovery 
System (HRS) from gas turbine exhaust gases designed for easy drainage of the HTF 
Therefore, the gas-molten salt heat exchanger of the HRS must allow easy draining of the molten salts (in this 
case the internal fluid). The heat exchanger studied in this article, presents a finned tube bundle where tubes are 
disposed transversally to the direction of the gases exhaust flow from the gas turbine. This group of tubes is slightly 
inclined (~1%) relative to the plane parallel to the ground surface and perpendicular to the flow direction. This 
inclination should be enough to drain the internal flow of molten salts, while changing the usual configuration of a 
heat exchanger, introducing a variable spacing between the finned tubes, as can be seen in (Figure 1).  
The inclination of the tubes starting from a conventional configuration leads not only a rotation thereof, but an 
added translation thereof. The influence of increasing or decreasing the spacing (translation) is well documented in 
the reference1, however, the influence of varying spacing is not included in traditional models. Therefore, motivates 
a study to quantify the influence, in order to be able to make, the near future, possible corrections in the models and, 
ultimately, have a better understanding of the test results. 
 
Figure 1. Left view of the tube bundle profile, being the Y direction perpendicular to the floor. Right, control volumes corresponding to the three 
sections located along the span of the tubes (Z direction). 
The exchanger presented in this article has been conceived as a demonstrator of the commercial model designed 
to be installed on the definitive power generation plant. The demonstrator is designed to test the performance of this 
heat exchanger particular configuration in a test installation and, thus, obtain data that would allow to validate the 
analytical models in areas such as the capacity to exchange heat or pressure drop associated with each operation 
regime. While the disposition of finned tubes in the demonstrator is similar to the commercial model, the dimensions 
of the heat exchanger are considerably different from the commercial one. In the case of the demonstrator, the 
distance between walls is much smaller than the separation in the commercial model (Figure 2) and, at the same 
time, much lower than the assumed by the analytic models for calculating exchangers heat performance. In those 
models, great separation implies that the effects of the bypass flow near to the walls could be neglected. 
However, for the study of the demonstrator it is needed to consider this aspect, as the flow running between the 
walls (bypass flow6) and the row of tubes adjacent has different characteristics from the rest and may affect the 
global capabilities of the exchanger. 
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Figure 2. Transversal section of the heat exchanger demonstrator. In a commercial model the number of rows and, hence, the separation between 
walls is much bigger. 
2. Methodology 
Two independent CFD steady-state analysis were performed, aimed to study each of the two issues separately. 
This division is only possible if both problems are uncoupled, or at least the influence of one over another is 
negligible enough to consider as applicable the correction of the analytical model obtained separately. 
For the simulations, it has been chosen as a control volume a characteristic study section, as it can be seen in 
Figure 1. The point of using this section is to study the fluid dynamics problem locally, on the hypothesis that the 
transport of energy and momentum in the Z-Direction (Figure 1) is negligible compared with the one in Y-Direction. 
The pressure field obtained results would provide the required feedback to validate this hypothesis. 
The analysis of the effect of tube's inclination was performed by the simulation of three control volumes linked to 
three cross sections of the demonstrator. This would have characterized the local fluid dynamic problem considering 
variable spacing between finned tubes (Figure 1). 
The influence of the flow near the wall has been studied by comparing the results of two CFD cases. In both 
cases, it has been simulated a control volume resulting from selecting the central section of the exchanger. In the first 
case we have simulated the flow around a homogeneous arrangement of finned tubes without the presence of a wall 
(central section in Figure 1). This condition corresponds with the boundary condition present in most of the 
experimental tests used to obtain the vast majority of analytical correlations that serve as references in the design of 
heat exchangers and corresponding, in turn, to the one which presents the commercial model of the exchanger. The 
demonstrator has a different configuration, and therefore it has been made a simulation (for the central section also) 
that does include the presence of the walls (Figure 3). The amount of cases dedicated to each problem is described in 
the simulations scheme (Table 1). 
 
 
Figure 3. Control volume to simulate the bypass flow in a transversal section of the demonstrator. 
Table 1. Scheme of CFD simulations. 
Cases planned Number of cases Finned tube steps Finned tube rows Comments 
Tubes Inclination 3 10 1 Variable spacing between tubes 
Bypass Flow 2 6 3 Simulation of the flow with and 
without the presence of walls. 
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3. Numerical Simulations 
3.1. 3D Models 
A complete numerical simulation of a whole heat exchanger would be unviable, due to the large amount of tubes 
it has and because of its complex geometry. Both, small details and big computational domain require massive 
computational effort. Therefore, simplifications have to be made in order to complete an analysis. The helical fins 
force to perform a 3D analysis. Therefore, a limited width (Z Direction) control volume (CV) with 4 fin pitches is 
used.  
 
Figure 4. XY plane view of the tube bundle. The outline of the control volume is highlighted. Both the through X direction and Z direction, is 
considered to exist periodic boundary conditions. 
A horizontal region of the finned-tube bundle was selected for the computational model. As can be seen in Figure 
4, the geometry enclosed in the computational region repeats periodically in vertical (X) directions and also does in 
transverse (Z) direction. To avoid capturing unrealistic effects in the computational model, advantage was taken of 
the periodically-repeating geometry 
A limited number of steps are simulated in each control volume (first 6 and 10 steps). The literature suggests that 
this can usually be achieved with a minimum of 5 steps6. It has been annexed to the module in Figure 4 an inlet and 
an outlet module to finish the definition of the control volume boundary conditions. 
Serrated finned tubes correlations can be found in several references4,5 and there are also collections of reference 
correlations2. The influence of several factors like spacing between tubes, fins and serrations details and many others 
is well documented. 
3.2. Mesh 
For mesh generation, a hybrid mesh has been chosen, with tetrahedrons to cover most of the fluid volume and 
with a prismatic boundary layer generated from the extrusion of the surface of solids. A mesh sensitivity analysis has 
been conducted in order to found optimal mesh densities in every region.  Taking into consideration the Reynolds 
number of the problem (calculated from the known mass flow and taking as characteristic length the diameter of the 
tube), a boundary layer mesh has been generated with a y+~1, to solve the law of the wall correctly, with a few cells 
within the viscous sublayer. It has remained a maximum cell size (y+~10) in the proximity of the finned tubes. 
The most computationally expensive mesh is the one generated to simulate the influence of bypass flow, with a 
total of 18 million cells. The meshes used to simulate the three sections with different spacing have about 9-10 
million cells each. 
3.3. Governing equations 
Momentum and energy calculations have been solved using Reynolds-Averaged Navier-Stokes (RANS). They 
were simulated all cases for steady state. To model turbulence, k-ɛ standard model has been used. In order to 
simulate the whole heat transfer process, internal convection from the molten salts has been modelled with a 
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convection coefficient, coupling heat flux in the solid and fluid mesh. Boussinesq approximation has been used7, 
uncoupling momentum and energy equation. To model heat conduction in the finned tubes bodies heat equation was 
used. 
3.4. Material Properties 
A combustion gas has been modelled in this simulation with polynomial correlations dependent of temperature in 
order to obtain gas properties. The solid material is a well-known stainless steel. In the temperature range of study 
(600-950 K), the only property with a significant variation was the thermal conductivity of the metal. A polynomial 
function has also been used to model that variation. 
The properties of molten salts and laws of variation thereof with temperature have been included in the 
calculations made to impose the boundary condition of internal convection (section 3.5). 
3.5. Boundary conditions 
Inlet mass flow and temperature was taken from the calculated flow from gas turbine outlet. Outlet pressure for 
pressure outlet boundary condition was fixed at atmospheric value. Both inlet and outlet boundaries were located at a 
sufficient distance upstream and downstream respectively of the tube bundle, Figure 5. 
 
Figure 5. Central section boundary conditions. Tube inclination simulation. 
To study the tubes inclination influence, the rest of fluid boundaries (Top, Bottom, left side and right-side) were 
modelled as periodic interfaces. Each of the mesh surfaces on these boundaries was paired with a homologous 
surface on the opposite boundary. This approach avoids the use of unrealistic boundary conditions found like slip, 
adiabatic or symmetrical boundaries. For the simulations of bypass flow, Top and Bottom boundary have been set as 
plain walls, (Figure 3). 
The internal temperature of the pipe wall is set serving a progression of temperature values obtained in 
preliminary calculations for the demonstrator. 
3.6. Computational Resources 
The ANSYS Fluent 15.0, finite-volume solver was used to obtain the results. The analysis was carried out using 
32 cores from ETSI Industriales HPC facilities. The cases converged in approximately 6-8 hours, depending on the 
initial and boundary conditions selected. 
4. Results and Discussion 
For both problems, geometries have been selected and the parameters that define the boundary conditions needed 
(to impose the physical conditions) have been set. At that point, the values of pressure drop and heat transfer have 
been obtained from all simulations. The rest of the parameters and boundary conditions of the physical and 
numerical problem have been maintained equal. 
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With the aim of quantifying the influence of the two issues presented in this article, we have chosen the pressure 
drop after each finned tube section and the amount of heat transferred by each one to analyze this influence. The 
results of all the simulations are presented below including, if necessary, some results from analytical reference 
models for the type of heat exchanger and configuration analyzed. 
4.1. Tube inclination 
In Figure 6 data of pressure drop accumulated in the three simulated sections (a) and the evolution after every 
section of finned tube (b) are represented. Although it is seen in Figure 6a as the accumulated pressure drop in 10 
tubes is almost independently from the section of study, in Figure 6b greater changes are seen in the pressure drop, 
strongly linked to the spacing between tubes. While in the central section the spacing between tubes is constant and 
pressure drop evolution is smooth, in the left and right sections contain great variation of spacing in tubes 
consecutive steps. That is why the pressure drop varies greatly depending on the step, although this variation is 
limited and maintain (the pressure drop values of the left and right sections) a “lag” of one step. The results obtained 
with pressure drop reference correlations4 shows slightly bigger values than the obtained in the CFD model, which 
seems to underpredict the pressure drop. Nevertheless, pressure drop reference correlations usually have an 
important margin of error, over 30% in most of cases. 
 
Figure 6. Accumulated and partial pressure drop (Pa) in each finned tube section and PFR correlation4  with a ±20% error bar. Correlations 
results have been obtained for the spacing in central section. 
The approach of the study described in this article is based on the assumption that the influence of the inclination 
of the pipes would result in pressure gradients small enough to divide the problem into the local study of the flow 
around a characteristic sections of finned tube, introducing the influence of the inclination of the tubes solely in the 
variable spacing between finned tubes. The cumulative pressure drop (Figure 6a)) indicates that the pressure 
gradients generated due to spacing are not very relevant. Indeed, in Figure 6b it can be appreciated the magnitude of 
the differences of pressure drop from one section to another and, a simple estimation (with pressure and convective 
terms in momentum equation) of the magnitude of the pressure term shows how transport amount motion (and hence 
energy) through the transverse component is negligible compared to the main component. 
The results in Figure 7 show how variations in the amount of heat transferred is greater in the first tubes, where 
the air flow is still not fully developed. From the first 3-5 tubes, the interaction with turbulence vorticals structures 
dominates the transport process of momentum, homogenizing the heat transfer making it less dependent on the 
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spacing between tubes. Heat transfer values for reference correlation5 agrees decently with CFD results. There is a 
vast number of correlation for heat transfer, most of them works reasonably well in the estimation of heat transfer 
capabilities in known and documented geometries2. 
 
 
Figure 7. Heat transferred (W) by each finned tube section and Nir correlation5. Correlations results have been obtained for the spacing in central 
section. 
4.2. Bypass Flow 
Figure 8a shows the results of pressure drop for the simulated case. The value of the pressure drop after each one 
of the steps for the case including bypass flow (Walls Case) is significantly lower than the periodic case 
(commercial), about 55-60% of the pressure drop calculated in the commercial HRS simulation. 
 
 
Figure 8. (a) Pressure drop (Pa) calculated after each finned tubes step. (b) Heat Flow (W) transferred on the surface of each section of study. 
1149 Jorge F. Servert et al. /  Procedia Computer Science  83 ( 2016 )  1142 – 1149 
Figure 8b shows the heat transferred by each finned tube study section. In Figure 8b, the "Walls case 
(demonstrator)" gives the mean value of the three rows for each finned tube step. The amount of heat transferred for 
the simulation on the demonstrator is approximately 85% -90% the one obtained from the commercial (periodic 
case). 
Results obtained show an important reduction on the pressure drop in comparison with the periodic model. In 
addition, there is also a reduction of the heat exchanged between the gas and the salts. The influence on pressure 
drop is greater than the influence on the heat exchanged, nevertheless, differences around 10%-15% also are above 
the typical oversizing. 
4.3. Conclusions 
 The spacing between the tubes in the heat exchanger moderately affect the amount of heat transferred and so the 
pressure loss. The inclination of the tubes for a conventional heat exchanger would force to increase tubes spacing, 
with consequent decrease of pressure drop1. On the other hand, the overall effect of the variable spacing on a bundle 
of tubes is negligible because the effects are balanced.  Smaller and larger spacing are alternated, that lead to 
pressure drop (and heat transfer) lower and higher, respectively, than those obtained with the homogeneous 
intermediate spacing of the central section. Facing the design of a heat exchanger of this type, a result of interest 
would be the temperature fields in the first tubes, where the influence of variable spacing is relevant and unforeseen 
temperature gradients in the metal structure of tubes could appear. 
The importance of the flow near the wall (bypass flow) is evident from the results above. In order to check the 
behavior of a type of heat exchanger based on the results of a demonstrator, it is necessary to consider the influence 
on the amount of heat transferred and the pressure drop expected. The influence of bypass flow should not be 
significant in a large size model, like the commercial heat exchanger. There are analytical models that can roughly 
estimate the importance of this effect6. Still, a numerical analysis with computational fluid dynamics tools is 
presented as a much more flexible and appropriate way to analyze this effect and complement the experimental data. 
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